The objective of this work was to evaluate if cryostorage of Phaseolus vulgaris L. seeds induced variations in regenerated plants at the phenotypic and molecular levels. A series of agricultural traits was measured on plants grown from control, non-cryopreserved and cryopreserved seeds, and the genetic stability of plants of the second generation was analysed at selected microsatellite loci. The phenotype of the second generation plants was evaluated as well. No statistically significant phenotypic differences were observed for the parameters measured, neither in the first nor in the second generations. Averaging both treatments, about 76% of the seeds had germinated 10 days after sowing. At harvest we recorded plants with about 73 cm in height, 13 stem internodes, 25 fruits, 103 grains and 4 grains per fruit. One hundred seeds weighted about 26 g. The genetic analyses performed on the second generation plants using six nuclear Simple Sequences Repeats (SSR) markers revealed no changes in microsatellite length between control and cryopreserved samples, implying that there was no effect of seed liquid nitrogen exposure on genome integrity. The phenotypic and molecular results reported here confirm that cryostorage is an efficient and reliable technique to conserve P. vulgaris seeds and regenerate true-to-type plants.
Introduction
Common bean (Phaseolus vulgaris L.) is one of the world's most important grain legumes. It is consumed as dietary staple worldwide, especially in Latin America and Africa [1] . Beans are especially rich in iron, containing between 50 and 150 mg Fe kg −1 [2] . In addition, bean consumption may reduce the risk for some chronic diseases, including coronary heart disease, diabetes and obesity [3] .
To improve the nutritional and agronomic characteristics of common bean varieties, numerous breeding programmes are carried out, which integrate conventional and advanced approaches. At present, the Laboratory for Plant Breeding (University of Ciego de Avila, Cuba) is conducting a research project on P. vulgaris genetic improvement to increase tolerance to soil salinity. We are therefore interested in conserving elite seeds through cryopreservation in liquid nitrogen. Indeed, cryopreservation finds relevant applications not only for long-term storage of non-orthodox seed species, but also for that of orthodox seeds, as demonstrated by various research results [4] .
Fundamental and applied research is necessary to assess the biophysical, molecular and genetic stability of plant material at low/ultra low temperatures in the context of "cryobionomics", the study of cryoinjury and how it affects the genome and genetic stability [5] . Low temperatures induce oxidative stress through the formation of free radicals. The ability of plant cells to survive under cold conditions depends on their capacity to increase the activity of their antioxidant systems including enzymes such as superoxide dismutase, catalase, ascorbate per-oxidase and glutathione reductase [6] . Free radicals may damage the nuclear membrane and DNA in cold-susceptible plants [7] indicated a role for peroxiredoxins in protecting DNA and the nuclear machinery of transcription from toxicity caused by free radicals.
The ultimate confirmation of genetic stability should be the reintroduction in the environment and production of whole, true-to-type and fertile plants recovered from cryopreserved germplasm. This implies that only high quality samples are stored in cryobanks, which will require rigorous operational procedures [8] .
Phenotypic and molecular studies on the effects of cryostorage have been carried out [4, 5] . Phenotypic assessment reflects genome interactions, which affect the phenotype. Plants are subject to phenotypic plasticity, and mutations/deletions in non-coding regions may go undetected. Meanwhile, molecular markers are not environmentally regulated and are detectable at any stage of plant growth. Analytical techniques produce characteristic polymorphic marker profiles, which consist typically of DNA fragments within a molecular weight range [9] [10] [11] [12] .
From our knowledge, genetic stability studies in relation to cryopreservation have been carried out mostly on in vitro cultured material. No modification has been observed at the phenotypical, biochemical, chromosomal or molecular level that could be attributed to cryopreservation [13] . In a recent work performed on cryopreservation of P. vulgaris seeds, we observed that, during the early stages of germination, no phenotypic changes were observed visually in seedlings recovered from cryopreserved seeds [14] . However, several significant effects of seed liquid nitrogen exposure were recorded at the biochemical level, including a decrease in protein and phenolics content and an increase in aldehyde contents in stems, and a decrease in phenolics contents in roots. In general, roots were more affected by cryostorage compared with other plant parts, while leaves were the least affected. The effects of seed cryopreservation seemed to decline progressively along with seedling growth.
The work presented in this paper is a continuation of the study performed on the early stages of P. vulgaris seed germination described above. It aimed at evaluating the effect of seed cryopreservation on the production of true-to-type plants. The main agricultural traits of plants grown from cryopreserved seeds were compared to those measured on non-cryopreserved seeds. Moreover, the genetic stability of second generation plants was analysed with a set of nuclear Simple Sequences Repeats (SSR) markers developed by [15] from expressed sequence tags and located on the consensus genetic map of P. vulgaris L. The phenotype of the second generation plants was evaluated as well. As far as we know, this is the first report on the phenotypic and genetic characterization of P. vulgaris L. plants originating from cryopreserved seeds.
Materials and Methods
P. vulgaris L. seeds (cv. Milagro villaclareño) were used. Seeds were stored at 4˚C in the dark for 4 months after harvesting, in air-tight containers. Seeds contained 12% moisture content (fresh weight basis) at the beginning of the experiment. One batch of seeds was placed in 5 ml cryovials, immersed in liquid nitrogen and stored at −196˚C for 2 weeks. Another batch remained in the dark at 4˚C for the same duration (control treatment). The rewarming procedure consisted of letting the samples warm under ambient laboratory temperature (20˚C -25˚C) to equilibrium.
From each treatment, 90 seeds were randomly selected and sown in a plant bed as described in Figure 1(a) . Technical instructions provided by the Cuban Ministry for Agriculture to cultivate P. vulgaris L. were applied for culture of plants regenerated from germinated seeds. The percentage of seed germination was recorded 10 days after sowing. The following parameters were measured at harvest (78 days after sowing): plant height, number of stem internodes, number of fruits per plant, number of grains per plant, number of grains per fruit and mass of 100 seeds. Border plants, which had more space to grow, were not considered. The Statistical Package for Social Sciences (Version 17.0 for Windows, SPSS Inc.) was used to perform t-tests (p ≤ 0.05) for analysis of results.
To evaluate the genetic stability of plants of the second generation, five seeds were randomly selected on different plants from each experimental treatment. They were germinated in vitro and DNA was extracted for analyses. DNA extraction was carried out using the Qiagen Plant DNeasy Kit according to the manufacturer's instructions (Qiagen, Valencia, CA, USA). Simple Sequence Repeat (SSR) analyses were carried out with six nuclear genetagged microsatellite (SSR) primer pairs ( Table 1) , previously developed by Yu [15] . They were chosen based on quality criteria, genome coverage, and locus-specific information content. PCR reactions were performed in a 20 µL volume containing 1 × reaction buffer with 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 25 pM FAMlabelled forward SSR primer, 15 pM reverse SSR primer, 1 unit of Taq polymerase, and 30 ng of genomic DNA. PCR parameters were drawn up according to [16] . PCR products were separated on an ABI PRISM ® 3130 DNA Analyzer. Size calibration was performed with the molecular weight ladder GenScanTM 500 ROXTM Size Standard. Data were collected, and allele sizes determined using the PeakScanner v. 1.2 software (Applied Biosystems, Foster City, California). Moreover, 90 seeds of the second generation were randomly selected, sown in a plant bed and evaluated as described above.
Results and Discussion
No statistically significant phenotypic differences were observed between plants originating from non-cryopreserved and from cryopreserved seeds (Figures 1(b) and (c); Table 2 ). Averaging both treatments, about 76% of seeds had germinated 10 days after sowing, and at harvest (78 days after sowing), we measured plants about 73 cm in height, with thirteen stem internodes, twenty-five fruits, one hundred and three grains and four grains per fruit. One hundred seeds weighted about 26 g.
Genetic analysis of second generation plants was carried out with six gene-tagged SSR markers. Due to their hypervariable nature and extensive genome coverage, these markers offer several advantages over many others (e.g., RAPD, RFLP, AFLP, ISSR) to assess genetic variation at the molecular level [17] . In this study, five out of the six primer combinations tested allowed detecting one allele per individual and they were consequently considered homozygous at the locus assayed ( Table 1) . By contrast, the primer combination PH5B5 revealed two alleles at the corresponding locus, highlighting the het-erozygous status of the marker associated with the endochitinase gene. None of the SSR loci studied showed microsatellite length changes between cryostored seed derived plants and non-cryopreserved ones. The phenotypic evaluation of the second generation plants did not show any statistically significant difference between both treatments (t-test, p > 0.05, data not shown but similar to Table 2 ).
Therefore, our data not only confirmed that second generation plants were true-to-type after cryostorage but also revealed that no structural changes due to liquid nitrogen exposure affected the P. vulgaris genome at the loci considered. Similar results were found in many plant species using a variety of different molecular markers including SSR [18, 19] .
Cryopreservation imposes a series of stresses to the plant material, which are susceptible of inducing modifications in cryopreserved explants and regenerated plants [20] . It is thus necessary to verify that genetic stability of cryopreserved material is not altered before routinely using this technique for long-term conservation of plant genetic resources [21] .
There are very few reports of phenotypic variations occurring during in vitro culture of plant materials recovered from cryopreservation. One example concerns phenotypic alterations in Chrysanthemum flower colouring after regeneration of 106 cryopreserved apices [22] . On the other hand, [23] found differences in strawberry fruit production when studied 50 plants derived from cryopreserved apices.
Recent studies comparing the vegetative and floral development in the field of plants originating from control and cryopreserved material performed with several species including oil palm (about 52 plants studied per clone, [24] ), potato (120 apices per variety per batch, [25] ), and banana [26] did not reveal any differences in the characters studied. In our laboratory, we studied the field performance of sugarcane plants originating from control and cryopreserved embryogenic calluses, compared to plants produced using classical macropropagation (100 plants per treatment, [27, 28] their cryopreservation status and in vivo plants. Stems produced from in vitro cultured materials had a smaller diameter and a shorter height compared to those produced from macropropagated buds. These differences were not observed anymore after 12 months of stool field growth.
Although the effects of the cooling/warming cycle on the genome are unknown, the potential variations observed may not be due to cryopreservation per se but may be the result of the whole culture-cryoprotectionregeneration process [5, 20] . Walters commented that variability in ageing kinetics within a seed species couldn't be accounted for by water content and temperature only. [29] The effect of genotype × environment interactions during plant growth and seed formation before cryostorage is also relevant. These authors suggested that the basis for this variability is not only genetic, but due to environmental factors and cautioned that seed genebank operators cannot assume a particular accession would exhibit average deterioration kinetics.
Another important finding resulting from thermodynamic studies, which contradicts the classical rule of thumbs that "the lower the storage temperature and the moisture content of a seed, the longer the viability" is that the optimal water content for storage of seeds already in the glassy state increases with decreasing temperature [29, 30] . Clearly, the physiological status of germplasm before it is cryobanked has important implications for its long-term stability and viability.
In the genebank context and from an agronomic point of view, the effect of LN exposure on seed viability and germination should be tested for each plant material before using cryopreservation for long-term storage. As far as we know, there is no published report on the impact of LN exposure on viability and germination of common bean seeds. The results presented in this paper confirm at the phenotype and molecular levels the effectiveness of P. vulgaris L. seed cryostorage to preserve and regenerate true-to-type plants, although experiments with higher number of plants are required to screen potential mutants. We understand that we did not use a molecular technique allowing very in-depth study of DNA. Moreover, in general, molecular techniques cannot explore the complete genome. For this reason, the study of relevant morphological characteristics and agronomic traits of common bean plants represents the most important part of the paper. The molecular study presented here provides additional information but is not the core of our research.
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